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ABSTRACT 

To account for the non-thermal emission from the classical nova V2491 Cygni, we perform a series 
of numerical calculations of radiative transfer of 7-ray photons from the radioactive isotope 22 Na in 
the matter ejected from a white dwarf. Using a simple wind model for the dynamical evolution of 
the ejecta and a monte-carlo code, we calculate radiative transfer of the 7-ray photons in the ejecta. 
Repeated scattering of the 7-ray photons by electrons in the ejecta, i.e., Compton degradation, results 
in an extremely flat spectrum in the hard X-ray range, which successfully reproduces the observed 
spectrum of the X-ray emission from V2491 Cygni. The amount of the isotope 22 Na synthesized in 
the ejecta is required to be 3 x 10~ 5 M Q to account for the flux of the hard X-ray emission. Our 
model indicates that the ejecta become transparent to the 7-ray photons within several tens days. 
Using the results, we briefly discuss the detectability of the 7-ray line emission by the INTEGRAL 
gamma-ray observatory and the Fermi Gamma-ray Space Telescope. 

Subject headings: novae, cataclysmic variables — stars: individual (V2491 Cygni) — white dwarfs — 
nuclear reactions, nucleosynthesis, abundances — gamma rays: general 



1. INTRODUCTION 

A classical nova originates from the thermonuclear run- 
away of hydrogen-rich gas having been accreted by a 
white dwarf in a close binary system. Due to the enor- 
mous amount of the released nuclear energy, the envelope 
of the white dwarf is blown up to the interstellar space. 
The expanding ejecta generate strong shock waves in the 
interstellar medium and the ejecta. The shocked matter 
radiates in optical to X-ray energy ranges in a similar 
manner to its more energetic counterpart, supernova ex- 
plosions. From both observational and theoretical sides, 
the emission mechanism and the evolution of the ejecta 
have been investigated. 

The classical nova V2491 Cygni, which was discov- 
ered bv iNakano etldl pOOl on 2008 April 10.728 UT, 
is one of the most outstanding examples among X-ray 
observed classical novae. The Swift satellite observed 
V2491 Cygni on the 5 th day after the disco very and de- 
tected X-ray emission (jKuulkers et al.l [20081 ) . Then, the 
target-of-opportunity observations by the Suzaku obser- 
vatory were performed on days 9 and 29 after the dis- 
covery. iTakei et al.l (|2009T ) reported an extremely hard 
emission in the spectrum taken on day 9. The spectrum 
is well fitted by a thermal emission from an optically 
thin plasma combined with a hard power-law compo- 
nent. The best-fit temperature and the photon index 
are k B T = 2.9^2.6 keV and T = 0.1 ± 0.2, respectively. 
On the other hand, the hard emission became absent on 
day 29. Since the bremsstrahlung model cannot explain 
the spectrum, they concluded that the emission is of non- 
thermal origin. However, the emission mechanism of the 
n on-thermal photons r emains unclear. 

iTomov et al.l (|2008a[) acquired optical spectra of V2491 
Cygni on days 1 and 3, and found P Cygni profiles 
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of H/3 and H7 with the velocity of ~ 4000 km s _1 . 
From the similarity of the spectrum of V 2491 Cygni to 
those of recurrent n o vae, su ch as U Sco (jMunari et al.l 
IT999h . ITomov et all ([2008b) argued that V2491 Cygni 
is a recurrent nova. They also reported that the 
light curve of V2491 Cygni showed very fast evolution, 
which indicates t hat the nova o riginates from a mas- 
sive white dwarf. iHachisu fc Ka to (2009) suggest that 
the white dwarf mass is 1.3 ± 0.02 M Q by using light- 
curve fittings based on the optically thick wind model 
(|Kato fc Hachisul Il9 94) . The massive white dwarf ori- 
gin and the large velocity (~ 4000 km s _1 ) imply the 
outb urst on the surfac e of an ONeMg white dwarf (e.g., 
Uose fc Hernanzi Il998f ) . Interestingly, a variable X-ray 
source has been observed at the position of V2491 Cygni 
(jlbarra fc K uulkcrs 200§). Its hard spectrum was remi- 
niscent of pers istent emission s from magnetic cataclysmic 
variables (Ibar ra et al.l 120081 ) . However, the lack of pe- 
riodically varying X-ray emissions from V2491 Cygni in 
the later p hase contradicts t he presence of strong mag- 
netic fields (jPage et alj|2010f >. 

In this Letter, we show that the non-thermal emis- 
sion can be explained by Compton degradation of 7-ray 
line emission from the radioactive isotope 22 Na synthe- 
sized in V2491 Cygni. In the early phase of the evo- 
lution of the ejecta, the 7-ray photons are scattered by 
electrons in the optically thick ejecta and eventually de- 
graded to X-ray photons. The emission of 7-ray pho- 
tons from radioactive isotopes and its importance in the 
production of hard X- ray photons have been pointed 
out b y many aut hors ([Clavton fc Hovlel 119741: iClavtonl 
[llMlLT^etlIirT99llGomez-Gomar et al.lll998D . Ac- 
tually, from supernova 1987A, hard X-rays as a result 
of Compton degradation of 7-rays originated from 56 Co 
were predicted based on theoretical models (lltohet al.l 
Il98l IXTreTaTI [1981 lEbisuzaki fc Shibazakilll988l) and 
detec ted by Ginga (Makin g 119881: iMakino fc Bcrcsford 
119881 ) and Kvant (jSunvaev et al.1 119871 ). Here, we argue 
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that a similar phenomenon due to another radioactive 
isotope 22 Na occurs in this nova. 

The production of radioactive isotopes in the 
nova n ucleosynthesis h a s bee n investigated by man;y 
authorsdStarrfield et all 119781: iWeiss fc Truranl I199C 

Il995t~ 



Nofar et al.1 119 91: 
19951: Uose fc Hernand 



Coc et all 



Politano et al. 
IWanaio et all 11999: 
Starrfield et al.l I2000D . However, the amount of 
the produced 22 Na remains uncertain due to un- 
certainties in reacti on rates us e d in the nuclear 
reaction netwo rks Iliadi s~et al.l 120021 ; Uenkins et al.l 120041: 



D'Auria et all 12004 iComisel et all [20071 : iSallaska et all 
20101 ). Although the extended 7-ray line emission, such 



m 



as the 1.27 MeV line from 22 Na, from the Galactic 
bulge is detected and considered to be integrated 
emission from individual novae, no detection of 7-ray 
line emissi ons from individua l novae has been reporte d 
so far(e.g., iLeising et all[T98l llvudin et al.lfl995l [2005). 
We calculate spectra based on a simple wind model for 
the dynamical evolution of the ejecta and compare the 
resultant spectra with observations of V2491 Cygni. Ra- 
diative transfer of 7-ray photons in the ejecta is treated 
in the test-particle limit. We use 10.5 kpc as the dis- 
tance to V2491 Cy gni, following the previous works (see, 
iHelton et al.ll2008l ). In Section 2, we describe our model 
for the ejecta and the procedure of the radiative transfer 
calculation. The resultant spectra are shown in Section 
3. In Section 4, we discuss the detectability of the 7-ray 
line emission. Finally, Section 5 concludes this Letter. 

2. FORMULATION 

In this section, we describe a procedure to calculate 
a spectrum of degraded 7-ray line emission from 22 Na. 
We numerically deal with the radiative transfer prob- 
lem, because we need to treat photons with the ener- 
gies higher than the electron rest energy and include ef- 
fects of photoelectric absorption. We use a monte-carlo 
radiative transf er code having been deve loped by the 
present authors (|Suzuki fc Shigeyamall2010l ). We explain 
only modifications to the original code in subsections 2.2 
and 2.3. 

2.1. Ejecta model 

We assume that the envelope of the white dwarf is 
ejected at a constant mass-loss rate with a uniform ve- 
locity v e j for a time interval r. The resultant electron 
number density n c {r,t) at t(> t) is inversely propor- 
tional to the square of the radius r, n c (r,t) oc r~ 2 . We 
obtain the density profile of the ejecta with the mass of 
Mcj as 



n e (r,t) 



M„ 



4-7T fimnv^Tr 2 





for v c j (t — t) < r < v c jt 



CJ 1 -! 



otherwise, 



where /i(= 1.4) and mn(= 1-66 x 10 24 g) are the mean 
molecular weight and the atomic mass unit. The velocity 
of the ejecta is assumed to be u C j = 4000 km s" 1 from 
the optical spectroscopy of V2491 Cygni (Toinov et al. 
l2008al!H ). The ma ss of 22 Na produced in ONeMg no- 
vae is calculated by IWanaio et al.l (|1999l ) for wide ranges 
of the mass of the white dwarf and the envelope. To 
produce a sufficient amount of 22 Na, the mass of the en- 
velope is required to be 10~ 3 M Q . Thus we assume the 



ejecta mass to be M e j = 10~ 3 M . The other param- 
eter characterizing the density structure of the ejecta is 
the duration t, which determines the inner radius i?; n 
of the ejecta, R m = v C j(t — r). In the radiative trans- 
fer calculation, the inner radius R ln at i = t (= 9 days) 
is a free parameter to be selected to reproduce the ob- 
served X-ray spectrum. Using these values, we calculate 
the optical depth for each photon at t. The spectrum of 
the X-ray emission from V2491 Cygni exhibits thermal 
emission from optically thin plasma with the tempera- 
ture of k B T = 3 keV (jTakei et all 120091 ) . It seems that 
only the shocked gas located near the boundary between 
the ejecta and the interstellar medium emits the thermal 
emission. Therefore, the temperature in the rest of the 
ejecta is much smaller than k-gT = 3 keV. If the gas in 
the entire ejecta emitted X-ray photons, the X-ray flux 
would be much larger than the observed flux. 

2.2. 7-ray line emission 

Next, the spectrum of seed photo ns must be spec- 
ified. Following previo us works ([Livio et al.l Il992t 
iGomez-Gomar et al.l 119981 ). we consider the radioactive 
decay of 22 Na as the dominant source of the 7-ray line 
emission. The isotope 22 Na decays to a stable isotope 
22 Ne by /3 + -decay and electron capture with the half-life 
°f T i/2 = 2.6 yr. A positron and a 7-ray photon with the 
energy of 1.27 MeV are produced by this process. The 
emission from the positron should be treated carefully, 
because it can be thermalized and form positronium in 
the ejecta. At temperatures below 10 6 K, the positron 
prefers the formation of a positronium r ather than the 
direc t annihilation to two 7-ray phot ons dCrannell et al. 



1976 ). Thus, the previous wor ks (|Leising fc Clayton 



1987b IGomez-Gomar et al.l 119981 ) assumed that 90 % 



of positrons produced by /3 + -decay form positroniums. 
In these studies, the positrons were assumed to form 
positronium after they penetrate a medium with the col- 
umn mass density of ~ 0.1 g/cm 2 , which is needed for the 
positrons to thermalize to the energies of ~ 100 eV via 
Coulomb scattering by ions. Because the cross section 
of Coulomb scattering of a positron with the energy of 
100 eV to be ~ 10 -18 cm 2 , the number of scattering for 
the thermalization is on the order of 10 10 , which is much 
larger than the expected number of scattering of a 7-ray 
photon (the optical depth of the ejecta on day 9 is 48). 
Thus, it takes 2 x 10 3 times longer time for a positron to 
form positronium than for a photon to escape from the 
ejecta. This means that the flux of the 7-ray emission 
is dominated by the direct annihilation. Therefore, we 
can assume that the other 10% of positrons produced by 
/3 + -decay are directly annihilated and each of them emits 
two 511 keV photons. The photon fluxes F1.27M0V of 1.27 
MeV photons and -FsnkcV of 511 keV photons from the 
decay of 22 Na are expressed as, 



-F\.27McV — 5F 5 iikoV 

= 8.6 x 10~ 4 



X( 22 Na)M cj 



3 x 10- 5 Mr. 



exp[— i/r( 22 Na)] photons cm 



10.5 kpc 






-2 
(2) 



where d is the distance to the nova, t is the time mea- 
sured from the onset of the outburst, and r( 22 Na) = 
r 1 / 2 /ln2(= 3.75 yr) is the e-folding time of the /3 + -decay. 



Hard X-RAY EMISSION FROM CLASSICAL NOVAE 



,— , 10 

> 

<u 



E 
u 

c 
O 

4J 

o 
sz 
Q- 
i i 

X 

3 



10 



10 



10" - 



10 



5 










t 


=9-10day 








t=49-50day 


6 


— r *** 

•V 

/ 










7 




. j ; 




1 








8 




I 

1 ! 
i : 
1 




1 


9 




1 ! 

I i 
1, 1 

II ■ : 









10 



100 



1000 



Photon energy [keV] 



Fig. 1. — Resultant energy spectra of photons escaping from the 
ejecta. The seed photons are injected from t = 9 day to t = 10 
day (solid line) , from t = 29 day to t = 30 day (dashed line), and 
from t = 49 day to t = 50 day (dotted line). The free parameters 



characterizing the ejecta are v c ; = 4000 km s 



M„ 



10" d M , 



and R ln 
{Z = 0). 



3 X 10 cm. Photoelectric absorption is neglected 



The mass fraction of 22 Na synthesized in the ejecta is 
X( 22 Na). Here 22 Na is assumed to be synthesized imme- 
diately after the onset of the outburst. 

In the radiative transfer calculation, we inject 7-ray 
photons at a constant rate, because the photon fluxes 
([3]) are nearly constant for the time scale considered 
here. For 1/6 of the seed photons, the initial energies 
are set to be 511 keV. The others have the initial en- 
ergies of 1.27 MeV. The initial position of each photon 
is determined by a random number so that the spatial 
distribution of the seed photons follows the density dis- 
tribution ([TJ in the ejecta. The 7-ray line fluxes are 
assumed to be -Fi^TMeV = 8.6 x 1CP 4 photons cm~ 2 s _1 
and F 5 nkcV = 1-7 X 1CT 4 photons cm~ 2 s -1 . 



2.3. 



Radiative processes 

Compton scattering and photoelectric absorption are 
taken into account as follows. For Compton scatter- 
ing, we simply use the Thomson cross section <7t(= 
6. 65 x 10~ 25 cm 2 ). U sing the analytical formula given 
bv lVerner et al.l (|1996fl . the photoionization cross section 
for an incident photon with the energy E is expressed as 



<T P h(E) = 



(x-iyx 



2 0.5-P-5.5 




for E > E t h, 

otherwise, 



.( 3 ) 
where x is the energy of the incident photon normalized 

by an energy E , 

* = #■ W 

Eo 

It is difficult to specify the dominant opacity source due 
to unknown ionization states in the ejecta. Since the 
spect rum of the X-ray emission on day 9 (jTakei et al.l 
2009) exhibits the Ka line from Fe XXV, we use the 
values of parameters in Equation © corresponding to 
photoelectric absorption by Fe XXV. That is, E$ = 1.057 
keV, cr = 1.195 x 10~ 17 cm 2 , y a = 57.69, and P = 1.718. 
The ionization potential is given by E ta = 8.829 keV. 
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Fig. 2. — Same as Figure 1, but for i?, in = 3 X 10 11 cm. 

We introduce a parameter Z as the number ratio of 
Fe XXV ions to electrons in the ejecta. Assuming a mat- 
ter with the solar abundance and that all iron is in the 
form of Fe XXV, the value of Z becomes ~ 2 x 10~ 5 . 
Using this parameter set, we can express the total cross 
section a as, 

o- = a T + Z<7 ph (E), (5) 

and the probability P pn of photoelectric absorption as 



P ph = 



Za ph (E) 

<7 T + Z<7 ph (E)'' 



(6) 



In the calculation, we evaluate the probability of absorp- 
tion or scattering of each photon using the mean free 
path of the photon with respect to the total cross section. 
When a photon interacts with the matter, we generate a 
random number ranging from to 1. The photon is scat- 
tered by an electron if the number is greater than P pn - 
Otherwise the photon is absorbed and we stop tracing 
this photon. 

3. RESULTS 

In this section, we show results of the radiative transfer 
calculation. The total number of photons used in the 
calculation is 30000. 

3.1. Spectrum 

Figure [T] shows the resultant spectra of photons escap- 
ing from the ejecta in which photoelectric absorption is 
neglected {Z = 0). The photons are injected from t = 9 
day to t = 10 day (solid line, referred to as period I be- 
low), from t = 29 day to t — 30 day (dashed line, referred 
to as period II), and from t — 49 day to t — 50 day (dot- 
ted line). The parameters characterizing the evolution of 
the ejecta are v c j = 4000 km s _1 , M C j = 10~ 3 M , and 
Bi n = 3 x 10 12 cm. With this parameter set, the optical 
depth of the ejecta is r = 48 on day 9 and r = 0.065 
on day 29. At first, one can easily recognize two spikes 
at 511 keV and 1.27 MeV in the spectrum. They are 
photons without being scattered in the ejecta. Except 
for the two spikes, the spectrum is continuous, which is 
a result of comptonization of the 7-ray photons. Espe- 
cially, there is an extremely flat part (10 keV< E < 50 
keV) in the spectrum of photons accumulated for period 
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Fig. 3. — Same as Figure 1, but for i?, in = 3 X 10 13 cm. 



I. The spectral analysis of the X-ray emission of V2491 
Cygni shows that the spectrum in the energy range of 
10 keV < E < 70 keV is well fi tted by a power la w with 
the photon index of 0.1 ± 0.2 (jTakei et al.l 120091 ) . This 
feature is well reproduced by our model. The analyti- 
cal investigation of comptonization of photons escaping 
from a spherical plasma cloud by iSunvaev Sz Titarchukl 
(1980) found similar flat spectra. The flat spectrum in 
Figure Q] seems to be formed in the same manner. In 
addition, the flux in the flat part is consistent with the 
observed value. Thus, our model successfully reproduces 
the observed spectrum of the hard X-ray emission from 
V2491 Cygni on day 9. 

On the other hand, the observation on day 29 detected 
no hard X-ray emission. The spectrum of period II shows 
a significant decrease of the flux in the energy range of 
10 keV < E < 70 keV. This is a result of the expansion 
of the ejecta. The decreasing optical depth allows a large 
fraction of 7-ray photons to escape from the ejecta with- 
out being scattered. Thus, our model can explain the 
absence of the hard X-ray emission on day 29. 

This fast change of t he X-ray emission is in contrast 
to a similar model by iLivio et all (|1992| ) in which the 
timescale of the X-ray light curve is of the order of 100 
days or more. This difference comes from the assumed 
expansion v elocit ies of the ejecta in the two models. 
ILivio et all (|1992l ) assumed w j = 10 km s _1 or 6 km 
s" 1 while we assume a much higher velocity v c j — 4000 
km s -1 as suggested from optical observations for this 
particular nova. 

3.2. Effects of the inner radius 

Figure [2] shows the resultant spectra of the model 
with i?; n = 3x 10 11 cm. As well as the model with 
Bi n = 3 x 10 12 cm, the flat spectrum is obtained in pe- 
riod I. However, the spectrum for period II remains flat. 
We can attribute this feature to effects of the small R[ n . 
For the model with a small R ln , the fraction of photons 
travelling in the deep interior of the ejecta is large com- 
pared to that with a large i?i n . Since low-energy photons 
are produced by repeated Compton scattering in the deep 
interior, the fraction of low-energy photons remains large 
even on several tens days after the outburst. Although 
the value of the flux in the flat part of the spectrum for 
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Fig. 4. — Energy spectra of photons injected from £ = 9 day to 
t = 10 day with Z = (solid line), 2 X 10~ 6 (dashed line), and 
2 X 10~ 5 (dotted line). 



period II is smaller than that of period I, it may con- 
tradict the non-detection of the hard X-ray emission on 
day 29. On the other hand, Figure |3] shows the resultant 
spectra of the model with R ln = 3 x 10 13 cm. In this 
case, the spectrum of period I fails to reproduce the flat 
spectrum. This is because the density of the ejecta be- 
comes already too low to remain opaque to the 7-ray line 
in the first 10 days. As a consequence, the model with 
i?i n = 3 x 10 12 cm is preferred to explain the observa- 
tional features of the X-ray emission from V2491 Cygni. 
Therefore, the mass ejection from the stellar surface is 
terminated by day 10. 

3.3. Effects of photoelectric absorption 

Figure [4] shows the resultant spectra for various values 
of the ratio Z of the number of Fe XXV ions to that of 
electrons in the ejecta. The seed photons are injected 
from t — 9 day to t — 10 day. Each line represents the 
model with Z = (solid line), Z = 2x 10~ 6 (dashed 
line), and Z = 2 x 10~ 5 (dotted line). For the solar 
abundance, the number ratio of Fe to H is 2 x 10~ 5 . 

One can recognize the tendency that the photon flux 
at several tens keV decreases with the increasing ratio Z. 
Even for 1/10 of the solar value (2 = 2x 10" 6 ), the flat 
part of the spectrum to be seen in the model with Z = 
disappears. Therefore, the model with a small amount 
of heavy elements or the almost fully ionized envelope 
is appropriate to account for the flat spectrum of V2491 
Cygni. 

4. DETECTABILITY OF GAMMA-RAY LINE 

The ejecta become transparent to the 7-ray line emis- 
sion within several tens days. Therefore, the 7-ray line 
emission may be detected by 7-ray observations. In this 
section, we discuss the detectability of the 7-ray line 
emission from V2491 Cygni. Results of the calculation 
show that the initial photon fluxes of the 7-ray line emis- 
sions are required to be F1.27M0V = 8.6 x 10~ 4 photons 
cm~ 2 s _1 and FsukcV = 1-7 x 10~ 4 photons cm~ 2 s _1 to 
explain the hard X-ray emission from V2491 Cygni. A 
few years after the discovery of V2491 Cygni, the photon 
fluxes must decrease by a factor ~ 2 because of the half- 
life of T1/2 — 2.6 yr. Thus, the present value of the pho- 



Hard X-RAY EMISSION FROM CLASSICAL NOVAE 



ton fluxes are estimated as F\ 



27McV 



4 x 10 4 photons 



cm~ 2 s^ 1 and i^iikeV ~ 9 X 10~ 5 photons cm -2 s _1 . To 
detect these 7-ray lines with sufficient S/N ratios (~ 5), 
about 100 ksec observations are required both for the IN- 
TEGRAL spectrometer SPI and the Fermi Gamma-ray 
Burst Monitor. 



5. CONCLUSIONS 

In this Letter, we consider the possibility that Comp- 
ton degradation of the 7-ray line emission from the ra- 
dioactive isotope 22 Na can explain the observed hard X- 
ray emission from the classical nova V2491 Cygni. We 
adopt a simple wind model as the ejecta model and cal- 
culate radiative transfer of the 7-ray line emission in the 
ejecta. As a result, we succeed in reproducing the spec- 
trum of the hard X-ray emission on the 9th day after the 
discovery. At the same time, our model can explain the 
absence of the hard X-ray emission on day 29. This is 
because the optical depth of the ejecta decreases to 0.065 
in these 20 days. The amount of 22 Na synthesized in the 
ejecta is required to be 3 x 10 -5 M & to account for the 
flux of the hard X-ray emission. We also estimate the 



present value of the photon fluxes of the 1.27 MeV and 
511 keV line emissions and find that these line emissions 
can be detected by the GBM on Fermi and the SPI on 
INTEGRAL with a reasonable observing time. 

Finally, we mention an inadequacy of our model. Pre- 
vious observations and theoretical investigations of the 
outbursts on massive white dwarfs imply the ejecta mass 
of 10~ 5 M Q , which is much smaller than that of our 
model. In this case, the radioactive decay of 22 Na must 
not be the origin of the hard X-ray emission from V2491 
Cygni, because the amount of 22 Na is much smaller than 
that required to reproduce the emission. However, the 
X-ray detection from the pre- and post-outburst images 
of V2491 Cygni may imply that it was an unusual nova. 
Therefore, observations of the 7-ray line emission by the 
INTEGRAL and/or the Fermi must provide us crucial 
information on the hard X-ray emission. 

This work has been partly supported by Grant-in- Aid 
for JSPS Fellows (21-1726) and Grants in Aid for Scien- 
tific Research (21018004) of the Ministry of Education, 
Science, Culture, and Sports in Japan. 
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